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Objective: Clinical improvement after a surgical ventricular restoration for ischemic cardiomyopathy is increas-
ingly accepted by clinicians, but the mechanism is not completely understood.
Methods: Ten patients with ischemic cardiomyopathy underwent detailed magnetic resonance imaging for ven-
tricular function before and 6 weeks after surgical ventricular restoration. Surgical procedures included combina-
tions of coronary artery bypass grafting, restrictive mitral annuloplasty, and endoventricular patch plasty.
Magnetic resonance imaging analysis included quantification of global and regional systolic function. Anterior
and posterior left ventricular regions were divided by an imaginary plane (C-plane) determined from anterior
mitral point and both papillary roots.
Results: Global stroke volume index increased from 28.8  4.9 mL/m2 to 36.5  8.6 mL/m2 after surgical ven-
tricular restoration (P ¼ .010) and seemed more related to increased posterior stroke volume index (15.9  4.3
mL/m2 preoperatively, 21.8  3.9 mL/m2 postoperatively, P ¼ .001) than to changed anterior stroke volume in-
dex (15.9  4.4 mL/m2 preoperatively, 18.2  6.9 mL/m2 postoperatively, P ¼ .369). C-plane area decreased
only a little in diastole (37.7 8.3 cm2 preoperatively, 32.9 5.9 cm2 postoperatively, P¼ .119) but significantly
in systole (31.5  9.4 cm2 preoperatively, 23.7  7.6 cm2 postoperatively, P ¼ .023). This indicates functional
recovery of border zone by restrictive endoventricular patch plasty.
Conclusion: Rebuilding geometric normality by surgical ventricular restoration improves contractility of myo-
cardium in border-zone and remote regions, resulting in increased stroke volume index from the posterior left
ventricle.The clinical advantages of surgical ventricular restoration
(SVR) for dilated ischemic cardiomyopathy have been
broadly reported in previous studies,1,2 but the underlying
mechanism of this improvement remains controversial.
One well-known theory involves rebuilding the ventricular
form3 according to the helical ventricular myocardial band
model proposed by Torrent-Guasp and colleagues.4 Another
clinical study5 suggested that SVR improves mechanical in-
traventricular asynchrony. Laboratory analysis6 has demon-
strated that SVR increases circumferential strain in the
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temporal resolution, magnetic resonance imaging (MRI) is
a potentially useful tool for the noninvasive evaluation of
left ventricular (LV) function. This study used MRI to eval-
uate using MRI regional ventricular function before and
after SVR in a clinical population.
MATERIALS AND METHODS
Study Population
Ten adult patients who had coronary artery disease and clinical heart fail-
ure with LV ejection fraction (EF) less than 40% on echocardiography to-
gether with anteroseptal scaring as evidenced by electrocardiography and
marked regional akinesia or dyskinesia7 were included in this study. These
patients were all scheduled to undergo surgical treatment in the near future.
Coronary artery disease was diagnosed by conventional coronary angiogra-
phy. Transthoracic echocardiography was applied to evaluate global and re-
gional wall motion and the severity of mitral regurgitation. MRI was carried
out to assess ventricular function and scar delineation preoperatively and at
about 6 weeks postoperatively.8,9 The subjects who were recruited into the
study all gave informed consent, and the study was approved by the institu-
tional review board of the National Taiwan University Hospital.
Operative Procedure
The surgical procedure was performed through a full median sternotomy.
Cardiopulmonary bypass was instituted as routine. Whether the operative
procedure was performed with a beating heart10 or with cardiac arrest de-
pended on preoperative myocardial function. For those who underwent car-
diac arrest, myocardial protection was achieved with intermittent antegradeardiovascular Surgery c Volume 137, Number 4 887
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EF ¼ ejection fraction
EDVI ¼ end-diastolic volume index
ESVI ¼ end-systolic volume index
LV ¼ left ventricle
MRI ¼ magnetic resonance imaging
MVP ¼ mitral valve prolapse
SVI ¼ stroke volume index
SVR ¼ surgical ventricular restoration
or retrograde cold blood cardioplegia. Complete revascularization with ar-
terial or venous grafts was the aim in all cases. The akinetic or dyskinetic
myocardium present in the anteroseptal part, which included whole-layered
or scattered scar tissue, was excluded by an oblique prosthetic vascular
patch (Hemashield; Boston Scientific Inc, Natik, Mass) with the endoven-
tricular patch plasty technique.7,11 We used a handmade sizer12 to approx-
imate the LV diastolic volume to around 50 to 60 mL/m2. For those patients
with moderate to severe functional mitral regurgitation according to preop-
erative echocardiographic study, restrictive annuloplasty was performed
through the left atrium.
MRI Image Acquisition
MRI image acquisition and analysis have been described in detail previ-
ously.13 In brief, the study was performed with a 1.5-T MRI system (Sie-
mens Sonata; Siemens, Erlangen, Germany). Cine MRI was acquired in
the prospective electrocardiographic R-wave trigger mode and a 2-dimen-
sional balanced steady-state free-precession sequence (TrueFISP; repetitiontime 30 ms, echo time 1.5 ms, flip angle 60, slice thickness 7 mm, gap 3
mm, field of view 3703 300 mm, matrix 2083 256; Figure 1). The slices
were in the short-axis view and encompassed the lower third of the left
atrium to the apex of the LV. Cine images at a slice location were obtained
with a single breath hold of approximately 12 seconds. Approximately 12
intermittent breath holds under consistent conditions were required to com-
plete the image acquisition. The total scan time was about 10 minutes. For
scar delineation, delayed-enhancement MRI was performed over the same
short-axis planes as those in TrueFISP study. The pulse sequence was inver-
sion-recovery prepared segmented turboFLASH sequence (repetition time
1.6 ms, echo time 1.52 ms, flip angle 20, field of view 3703 300 mm, ma-
trix size 2083 256). The inversion time was adjusted to nullify the normal
myocardium and was typically in the range of 200 to 300 ms.
Image Analysis
The inner contour of the LV of the first time frame image was determined
manually from the reconstructed 3-dimensional TrueFISP image data
(Figure 1). Several points on the mitral annulus of the first time frame image
were selected to determine the mitral annulus (Figure 2). An imaginary cut-
ting plane (C-plane, Figure 2,C) was determined from the coordinates of the
anterior mitral annulus and the insertion of the medial and lateral papillary
muscles onto the LV. The LV was thus separated into anterior and posterior
parts by this plane. Next, the corresponding coordinates of the following
time frames were determined automatically with an in-house computer pro-
gram. The global LV volume was determined from the volume encircled by
the LV inner contour below the mitral annular plane (Figure 2). The global
and regional end-diastolic volume index (EDVI), end-systolic volume index
(ESVI), stroke volume index (SVI), and EF values were then determined
(Figure 3; see appended video clips). The area change of the C-plane was
calculated as additional information relevant to regional ventricular systolic
function. In addition, the heights of the anterior and posterior LVs for eachFIGURE 1. Determination of inner contour of left ventricular chamber. Cine MRI with 2-dimensional balanced steady-state free-precession sequence was
acquired perpendicular to interventricular septum from left atrium to ventricle. Chamber contour during first time frame was selected by semiautomatic
method; contour of following time frames was determined automatically with in-house software.
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Yu et al Acquired Cardiovascular DiseaseFIGURE 2. Determination of geometric parameters used in study. A, Three-dimensional locations of mitral annular plane and medial and lateral papillary
muscle insertions onto ventricular wall of first time frame were determined manually. Corresponding locations during following time frame were determined
automatically. Structure of mitral tetrahedron was reconstructed accordingly. B, By incorporating mitral tetrahedron and contour of left ventricular chamber,
volume of left atrium (LA, in white) was excluded and left ventricle was divided into anterior (ANT, in light gray) and posterior (POST, in dark gray) parts. C,
Geometric parameters are illustrated as follows: heights of respective parts of left ventricle (anterior height [H-Ant] and posterior height [H-Post]) were de-
termined with highest distance from left ventricular contour points to contact surface (C-plane). A,Anterior point of mitral annulus; P, posterior point of mitral
annulus; M, medial papillary muscle root; L, lateral papillary muscle root.
FIGURE 3. Determination of global and regional ventricular volumes. Regional ventricular volume of each time frame was determined from left ventricular
contour, mitral annulus, and contact surface (C-plane) as described in Figure 2. S, Septal; A, anterior; I, inferior; L, lateral.
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respective inner contours to the C-plane (Figure 2). All the image analyses
and computations were performed by software developed in house with
Matlab (MathWorks Inc, Natick, Mass).
Statistics
Dichotomous data were compared by c2 test. Numeric data are presented
as mean SD and were compared between groups with either a paired or an
unpaired t test. All statistical analyses were performed with SPSS for Win-
dows (SPSS Inc, Chicago, Ill).
RESULTS
The demographic data are presented in Table 1. Gener-
ally, the study group included a high percentage of patients
with diabetes and those with a New York Heart Association
functional class IV condition. The average number of coro-
nary bypass grafts was 3.0  1.3. Restrictive annuloplasty
was performed in 5 patients (50%), all of whom had shown
significant preoperative mitral regurgitation. Five patients
(50%) underwent intra-aortic balloon pump insertion after
the operation. All patients survived the operation.
Analysis of the MRI at about 6 postoperative weeks re-
vealed improved global LV systolic function after the oper-
ation (Figure 4). Global EDVI decreased from 133.5 35.9
mL/m2 preoperatively to 92.4  22.4 mL/m2 postopera-
tively (P ¼ .003). ESVI decreased from 103.5  37.1 mL/
TABLE 1. Clinical characteristics of the study group
Age (y, mean  SD) 60  8
Sex (male/female ratio) 6:4
Body surface area (m2, mean  SD) 1.7  0.37
Diabetes (% affected) 40%
Creatinine>1.5 mg/dL (% affected) 40%
Systolic pulmonary arterial pressure>50
mm Hg (% affected)
40%
New York Heart Association functional
class (% affected)
III 70%
IV 30%
Moderate to severe mitral regurgitation 50%
Global
EDVI (mL/m2, mean  SD) 133.5  35.9
ESVI (mL/m2, mean  SD) 103.5  37.1
SVI (mL/m2, mean  SD) 28.8  4.9
EF (%, mean  SD) 23.5%  7.7%
Anterior
EDVI (mL/m2, mean  SD) 87.6  25.3
ESVI (mL/m2, mean  SD) 71.8  25.3
SVI (mL/m2, mean  SD) 15.9  4.4
EF (%, mean  SD) 19.6%  7.2%
Posterior
EDVI (mL/m2, mean  SD) 45.3  12.9
ESVI (mL/m2, mean  SD) 29.4  13.5
SVI (mL/m2, mean  SD) 15.9  4.3
EF (%, mean  SD) 37.8%  15.0%
EDVI, End-diastolic volume index; ESVI, end-systolic volume index; SVI, stroke
volume index; EF, ejection fraction.890 The Journal of Thoracic and Cardiovascular Surm2 to 54.7  25.9 mL/m2 (P ¼ .002). SVI increased from
28.8  4.9 mL/m2 to 36.5  8.6 mL/m2 (P ¼ .010). EF in-
creased from 23.6%  7.7% to 43%  14.7% (P ¼ .001).
Global EF increased from 23.6% 7.7% to 43% 14.7%
(P ¼ .001).
For the anterior LV, which involved the endoventricular
patch-related region, both the EDVI and ESVI decreased
(for EDVI 87.6  25.3 mL/m2 preoperatively to 50.6 
15.9 mL/m2 postoperatively, P ¼ .001, for ESVI 71.8 
25.3 mL/m2 preoperatively to 31.8  15.3 mL/m2 postoper-
atively, P ¼ .001), but SVI did not change significantly
(15.9  4.4 mL/m2 preoperatively to 18.2  6.9 mL/m2
postoperatively, P ¼ .369). EF increased, however, from
19.6%  7.2% preoperatively to 38.9%  17.5% postop-
eratively (P ¼ .003).
For the posterior LV, the EDVI did not change signifi-
cantly (45.3  12.9 mL/m2 preoperatively to 42.9  12.9
mL/m2 postoperatively, P ¼ .555), but the ESVI did de-
crease significantly (29.4  13.5 mL/m2 preoperatively to
21.2  11.8 mL/m2 postoperatively, P ¼ .062), which re-
sulted in increased SVI and EF postoperatively (for SVI
15.9 4.3 mL/m2 preoperatively to 21.8 3.9 mL/m2 post-
operatively, P ¼ .001, for EF 37.8  15.0% preoperatively
to 53.2  12.9% postoperatively, P ¼ .004).
Analysis of the change in C-plane area (Table 2) reveled
that the diastolic area decreased slightly from 37.7 8.3 cm2
preoperatively to 32.9  5.9 cm2 postoperatively (P ¼
.119), whereas the systolic area decreased even more from
31.5  9.4 cm2 preoperatively to 23.7  7.6 cm2 postoper-
atively (P¼ .023). The area ratios between systole and dias-
tole were 0.83  0.10 preoperatively and 0.70  0.11
postoperatively (P¼ .011), a statistically significant change.
Interestingly, the diastolic and systolic heights of the an-
terior LV (Figure 2) decreased after the operation, but the
shortening ratio was unchanged (0.95 0.05 preoperatively
and 0.97 0.17 postoperatively, P¼ .802). This may be ex-
plained by the compound effect of the scarred myocardium
and the prosthetic patch in the anterior LV. Paradoxically,
the diastolic height of the posterior LV (Figure 2) increased
after the operation (3.5  0.59 cm preoperatively to 3.7 
0.45 cm postoperatively, P ¼ .039), whereas the systolic
height of the posterior LV did not change (3.0  0.68 cm
preoperatively to 3.0  0.58 cm postoperatively, P ¼
.910). This resulted in a trend toward an improved shorten-
ing ratio (0.85  0.08 preoperatively to 0.81 0.10 postop-
eratively, P ¼ .133), although this trend was not significant.
Cases were further divided into patients with and without
mitral valve plasty (MVP, n ¼ 5 per group; Figure 5). Pa-
tients with MVP had a higher global EDVI, a higher
ESVI, and a comparable SVI relative to patients without
MVP, indicating a more dilated LV and less effective SVI
for the patients with MVP. After SVR, similar trends to-
wards decreased global EDVI, decreased global ESVI, in-
creased global SVI, decreased C-plane changing ratio,gery c April 2009
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DFIGURE 4. Global and regional (anterior [Ant] and posterior [Post]) ventricular functions before (Pre-Op) and after (Post-Op) surgical ventricular resto-
ration. Global systolic function improved postoperatively. For anterior left ventricle, end-diastolic volume index (EDVI) and end-systolic volume index
(ESVI) decreased after operation, but stroke volume index (SVI) did not change significantly. For posterior left ventricle, end-diastolic volume index was
relatively unchanged after operation, but end-systolic volume index decreased. Stroke volume index and ejection fraction (EF) therefore increased.unchanged anterior SVI, and increased posterior SVI were
seen in patients with and without MVP. Interestingly, the
posterior EDVI and ESVI were markedly higher preopera-
tively in patients with MVP than in those without, but these
values decreased and became more comparable between the
two groups after the operation. This suggests that restrictive
mitral annuloplasty may have an effect when rebuilding nor-
mal geometry14 in patients with functional mitral regurgita-
tion undergoing SVR and that this occurs by increasing the
contractility of the dilated posterior LV.
DISCUSSION
This study showed that the increase in global SVI after
SVR is contributed to mainly by the posterior LV ratherThe Journal of Thoracic andthan the anterior LV. The endoventricular patch exerts a re-
strictive effect on previously dilated border-zone myocar-
dium at the C-plane, which rebuilds normal geometry,
facilitates reverse remodeling, and results in improved sys-
tolic performance. This is shown by the postoperatively in-
creased area changing ratio of the C-plane.
Unlike previous studies, in which the LV was regional-
ized by horizontal planes, this study used an oblique imagi-
nary plane determined by the anterior mitral annulus point
and both papillary roots (C-plane, Figure 2). This imaginary
cutting plane has been used in previous studies15,16 of ische-
mic functional mitral regurgitation, in which a structure
named the mitral tetrahedron was located behind this plane
and positioned in the posterior LV. The advantages of usingCardiovascular Surgery c Volume 137, Number 4 891
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determining the C-plane (anterior mitral point, medial and
lateral papillary roots) can be accurately located and traced
in the reconstructed 3-dimensional MRI data, allowing pre-
cise partitioning of the LV during the whole cardiac cycle
(Figure 3). Second, the endoventricular patch is entirely lo-
cated in the anterior LV, and thus the posterior LV can be
viewed as a remote region. Third, the oblique C-plane is
quite useful for scar delineation when there are anterior in-
farctions. The last point may not be operative if any restora-
tion is carried out on lateral or inferior scars. In these cases,
although the principles may be correct for the MRI analysis,
the use of a different plane may be more helpful when carry-
ing out restoration on different areas.
A previous animal study9 has already demonstrated that
the short-axis diameter decreases during both diastole and
systole after SVR, whereas the shortening distance is un-
changed. Our results are in accordance with this finding.
We found the height of the anterior LV changing ratio to
be unchanged from before to after SVR, which suggests
that there is relatively little contractile improvement in the
anterior LV, possibly because of the heavily scarred myocar-
dium in this region. The paradoxic increase in diastolic
height of the anterior LV after SVR can be explained by
the increased global SVI and the decreased global ESVI after
SVR, which cause the relatively compliant posterior LV to
dilate to accommodate the excessive SVI. This finding im-
plies that to achieve an adequate increase in SVI after
SVR without excessive increase in the LV filling pressure,
the remote myocardium plays a critical role and must have
a potentially favorable Frank–Starling relationship.17 Earlier
research by Donato and associates18 suggested that for cases
with LV anterior aneurysm, the preoperative presence of
systolic negative curvature at the junction between the myo-
cardium and the aneurysm is a good prognostic sign for LV
functional recovery. Probably the preoperative presence of
TABLE 2. Geometric parameters before and after surgical
ventricular restoration
Parameter Preoperative Postoperative P value
C-plane area, diastole
(cm2, mean  SD)
37.7  8.3 32.9  5.9 .119
C-plane area, systole
(cm2, mean  SD)
31.5  9.4 23.7  7.6 .023
Changing ratio (mean  SD) 0.83  0.10 0.70  0.11 .011
Anterior
Height, diastole (cm) 5.5  0.48 3.9  0.66 0.001
Height, systole (cm) 5.3  0.6 3.7  0.85 <.001
Changing ratio* 0.95  0.05 0.97  0.17 .802
Posterior
Height, diastole (cm) 3.5  0.59 3.7  0.45 .039
Height, systole (cm) 3.0  0.68 3.0  0.58 .910
Changing ratio* 0.85  0.08 0.81  0.10 .133
*Changing ratio is ratio of systolic value to diastolic value.892 The Journal of Thoracic and Cardiovascular Suany systolic negative curvature (by 2-dimensional imaging)
or negative tension (by 3-dimensional imaging) at the junc-
tion between remote and scarred myocardium identified by
detailed MRI analysis also provides a good prognostic indi-
cator for SVR cases.
Previous finite-element analysis8 has demonstrated that
border-zone myofiber stress would decrease and EF increase
at the expense of decreased global SVI after SVR if the con-
tractile properties of the ventricular muscle were to remain
unchanged. Because the SVI did increase after the operation
in this other studies,9 however, it is evident that the myofiber
contractile properties improve after SVR. Whether this im-
provement is related to the restricting effect of the endoven-
tricular patch, to the improvement in the geometric shape of
the LV, or to the effect of revascularization still needs to be
evaluated.
An earlier study19 has demonstrated that the prevention of
any expansion of the border-zone myocardium after trans-
mural myocardial infarction is able to prevent late heart fail-
ure. Similar to the effect of commercial ventricular restraint
devices,20 the endoventricular patch in SVR provides an in-
ternal restraining effect that maintains the radial curvature
and decreases the stress in the border-zone region. Earlier
studies21,22 have demonstrated that the decrease of intraven-
tricular tension resulting from LV assist device placement or
relief of aortic stenosis is able to induce changes in the bio-
logic markers. This is indicative of a reverse remodeling pro-
cess. Our study showed that C-plane contractility improves
significantly immediately after SVR. It is possible that re-
verse remodeling may happen in the border zone and induce
further improvement in myocardial function.
The group with MVP showed higher preoperative EDVI
and ESVI values than did the group withoutMVP (Figure 5),
indicating that a relatively floppy LV was present among the
patients with MVP. The EDVI and ESVI values of the pos-
terior LV were relatively unchanged postoperatively among
the patients without, but the EDVI of the posterior LV was
slightly decreased and the ESVI of the posterior LV was
markedly decreased postoperatively among patients with
MVP. This finding indicates that restrictive mitral annulo-
plasty may exert an additional remodeling effect on patients
undergoing SVR who have associated functional mitral re-
gurgitation. This effect would seem to contribute to the res-
toration of posterior LV shape and to improve functionality
toward normality.
Cardiac MRI has been applied in many ways to the study
of SVR23-27 including the delineation of scar extent,28 calcu-
lation of ventricular asynergic area,23 assessment of regional
myocardial strain,6,25,27 determination of global myocardial
fiber orientation,25 and analysis of ventricular torsional me-
chanics.26 Our study provides an additional approach that is
able to evaluate global and regional ventricular volume
changes. To calculate the ventricular volume change during
the entire cardiac cycle accurately, the vertical motion of thergery c April 2009
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DFIGURE 5. Trends in change in volume index values before and after surgical ventricular restoration for patients without mitral valve prolapse [MVP(),
n¼ 5] and patients with mitral valve prolapse [MVP(þ), n¼ 5]. P values for differences between preoperative results (dashed lines) and postoperative results
(solid lines) are shown. Similar trend, including decreased global end-diastolic volume index (EDVI), decreased global end-systolic volume index (ESVI),
increased global stroke volume index (SVI), decreased C-plane changing ratio, unchanged anterior (Ant) stroke volume index, and increased posterior
(Post) stroke volume index, was seen for patients both with and without mitral valve prolapse.mitral annulus must be taken into consideration. Our study
determined the mitral annular plane for each time frame
from a reconstructed 3-dimensional data set with an auto-
matic method; this approach has rarely been used in previous
studies. With this approach, it is possible to precisely distin-
guish the LV volume from the left atrial volume.
When this approach is compared with the MRI tagging
technique used in previous animal studies,6,26 our protocol
is less time-consuming but still provides good spatial and
temporal resolution. It therefore can be considered a safeThe Journal of Thoracic and Cand useful study tool for relatively ill patients with ischemic
cardiomyopathy, such as those enrolled in our study.
Limitations
Our study focused mainly on the geometric changes after
SVR. Preoperative geometric changes, however, may lead to
the structural and biochemical derangement of the myocytes,
which will worsen cardiac function and increase neurohor-
monal activation. Whether the benefit of SVR comes di-
rectly from a mechanical factor (decreased circumferentialardiovascular Surgery c Volume 137, Number 4 893
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Dstress during systole) or is mediated through other biologic
factors remains to be elucidated in further studies. Our stud-
ies were carried out in approximately 6 weeks, and accord-
ing to some earlier studies,29 further myocardial structural
changes may happen after this time. It is therefore quite pos-
sible that further improvements might be expected after 6
weeks. The patients enrolled in our study all had ischemic
heart disease and an anteroseptal infarct. Whether these find-
ings can also be applied to cases of LV with inferior or
posterior aneurysm or, even more importantly, to dilated
cardiomyopathy remains a topic for further study.
The estimation of the stroke volume by the LV end-dia-
stolic and end-systolic volumes will be inaccurate in the
presence of mitral regurgitation. In a future study, it should
be possible to estimate a true effective SVI by using the
stroke volume of the right ventricle if mitral regurgitaton
is present and tricuspid regurgitation does not exist. Another
MRI protocol allowing flow estimation, such as phase-
contrast sequence, might also be useful when evaluating
effective stroke volume. Finally, it is possible that the post-
operative medication used by these patients had an effect on
the reverse remodeling process during the long-term follow-
up. We did not study the effect of postoperative medication
in our short-term study.
CONCLUSION
In conclusion, our study demonstrates that the increase in
SVI after SVR originates from an increase in SVI of the pos-
terior LV. An endoventricular patch on the anterior LV
would seem to exert a restrictive effect on the previously di-
lated border-zone myocardium, improving the contractility
of myocardium in the border zone and also in remote
regions.
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